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Excess enthalpies (H) far the binary n-hutanoliwater measured by isothermal Mow calorimetry at 30
and 55°C, and nonlonic amphiphile Z-butoxyethanol/water at 10 different temperatores (from 48.5 to
T0°C) reported in the llteratare were analyzed for the determination of phase boundaries. HE exhiblted
S-shape behavior in the former system and U-shape behavior in the latter svstem,

When the F* data in the single-phase were Ftted by semi-empirical polvnomials and criticaf-scaling
equations, plots of specific H* vs. weight fraction provided more sccurate fitting with fewer parameters
than conventionally drawn molar HE vz, mole fraction plots. This was dae to the enhanced symmetry of
specific H® vs. weight fraction plots.

Liguid-tiguid equilibrium phase boundaries between the single- and two-phase regions were deter-
mined from A% The phase boundary points were obtained as the intersections of the curve and the stralght
line, which deseribe the composition dependence of BT for the single- and two-phase regions, respee.
tively, When Redlich-Kister (RE) and Padé polynomials were employed, the phase boundary points could
be determined for the n-butanellwater but not for the 2-butoxyethanol'water. These results imply that
correct phase boundarics may not be obtained with the semi-empirical polynominls when B behavior is
of the U-type. However, when the critical-sealing equations for H" of binary mixtures were used, the

phase boundaries were obtained accurately, irrespective of the type of HE data,

Introduction

Thermodynamic excess funcrions such as excess
free energy, excess enthalpy, and excess volume are
essential to understanding nonideal behavior of mix-
tures, This nonideality is primarily caused by size ef-
fects and interactions of the molecules which comprise
the mixture (Sandler, 199%), While excess volume
measurements of the mixture may provide molecular
size information, excess enthalpy yields information
about the melecular interactions and the extent to which
real mixtures deviate from ideality. Hence, excess
enthalpy may be more important for or relevant to de-
velopment of molecular medels which account for
nonideality.

An excess function is defined as the difference
between an actual quantity and the quantity for an ideal
mixture at the same conditicns. Since the enthalpy
change for the ideal mixing is zero, the excess enthalpy
and the heat of mixing are identical (Smith et al., 1998).
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For this reason these two terms are used interchange-
ably in this article.

Excess enthalpy, HE, is found in various uses such
as in determinations of other excess guantities
{Christensen et al,, 1988), of equilibrium phase com-
positions (Pando er al., 1983; Rowley and Bartler, 1984;
Christensen et al., 1988), of temperature dependence
of activity coefficients, and also of critical micelle
concentrations (Andersen and Birdi, 1951),

In this work, heats of mixing or excess enthalpies
for the binary r-butanol/water at 30°C and 55°C were
measured by isothermal flow calorimetry, These data
along with H%s for the nonionic amphiphile 2-
butoxyethanol/water reported in the literature {Lim et
al., 1994a) were analyzed for the determination of lig-
vid-liquid phase boundaries.

For the determination of phass boundaries or phase
diagrams, there have been used various methods such
as visual observation, chemical analysis, phase volume
methed (Lim et al., 1993} calorimetry (Smith er al.,
1989, and NME (Ulmius er al., 1977). The first thres
methods are conventional and used more widely than
the others. These methods use the phase separation of
the sample mixture. When the mixture is left stand long




enough to reach equilibrium, the number of phases are
observed and if there are separated phases, samples of
each phase are analyzed or the phase volumes are mea-
sured to yield phase boundaries and tie-line composi-
tions. However, these methods pose some experimen-
tal difficulties as they are often time-consuming and
may require efforts of many months. When a surfactant
is a component of the system, these difficulties can be
greatly compounded because the surfactant system of-
ten forms a stable dispersion. And more importantly,
visual observation and phase volume method may be
inapplicable or applicable with great difficulty at best
to the phase boundary determination at high PIESSUres,
Phase behavior study at high pressures is essential for
supercritical extractions and cnhanced oil recovery. To
circumvent these problems calorimetry or NMR rmay
be used.

Excess enthalpies for the system we studied have
been reportad in the literature: Goodwin and Newsham
(1971}, Belousov and Panov (1970, 19763, Marongiy
etal, (1984) for the n-butanol!water: and Onken (1959,
Scatchard and Wilson (1964), Pathak er al. (1970),
Kusano et af, (1973), Siu and Koga (1989) for 2-
butoxyethanol/water. For the latter system, most of the
reported data were measured at temperatures below 55
L.e., in the single-phase region. At temperatures abovn
T, Lim er al. {1994a) reported H='s at ten different
L:mpcrnrurcs and also several scattered data points at
60, 80, and 100°C (Onken, 1959) and at 65 and 85°C
(Scatchard and Wilson, 1964) have been reported.

When LLE phase boundaries are determined from
HE, the data are fitted by semi-empirical polynomials
(e.g., Redlich-Kister or Padé) or by thermodynamie
models. For binary mixtures H® vs. composition plots
show curved behavior in the single-phase region and
straight-line behavior in the two-phase region. At the
phase boundary point the curve and the line must meet.
Hence, usually the phase boundary is determined by
(1) fitting the theory to the single-phase data, (i) fie-
ting a straight line to the two-phase data, and (iii) cal-
culating the points of their intersections.

In previous studies the semi-empirical Redlich-
Kister and Padé€ polynomials, or thermodynamic lo-
cal-composition models were used to fit the single-
phase data. Itis quite common that the thermodynamic
models do not yield accurate results for the LLE phase
boundaries, as Rowley and Battler (1984) showed.
Hence, using semi-empirical polynomials has been a
usual resort for doing such work. Although the poly-
nomials lack in rigorous theoretical basis, they yield
satisfactory results. For the n-butanol/water system,
this method was successful, as demonstrated in this
article. However, for the 2-butoxyethanol/water sys-
tem, the curve for the single phase and the line for the
two phases had either no intersection or intersactions
quite different from the correct phase boundary points,
Therefore, the LLE phase boundaries could not be

found. S#ll, the polynomials fitted quite well the sin-
gle-phase data over virtually the whole range of com-
positions. These results point to the fact that, when LLE
phase boundaries are determined from HE, one should
use a theory that describes adequately H* in the sin-
gle-phase region and at the same time yields accurate
results. Lim e al, (1994b) derived eritical-scaling equa-
tions for H* of binary mixtures and used these egua-
tions for the determination of LLE phase compositions.
Their equations vielded accurate results, and they were
in excellent agreement with literature data. A brief ex-
planation of their theory and its application to buta-
nol/water and 2-butoxyethanol/water are prasented.

Also, the partial molar excess enthalpies and the
temperature dependence of activity coefficients for the
2-butoxyethanol/water system were determined from
HE, and the latter is reported in this article. They were
determined by fitting the Redlich-Kister (RK) polyno-
mial to H=. The H*® versus molar concentration plots
are highly asymmetric due to the disparity of compo-
nent's molecular weights (2-butoxyethanol/water =
118/18), and the symmetry is substantially increased
when H* is plotted against weight fraction, Such sym-
metry is cssential to having excellent fits with fawer
parameters. Hence, % versus weight fraction was fit-
ted by the polynomial and excellent fits could be ob-
tained with only 4 parameters.

1. Experimental Section

Marerial: The amphiphile 2-butoxyethanol,
CHOCH OH, and n-butanol were from Aldrich. 2-
Butoxyethanol is often denoted as C, E, where C, and
E, indicate the number of carbons in 'the hydmrpbubm
cham and of ethoxylate groups in the hydrophilic part,
respectively. Each of the amphiphiles had a stated pu-
rity of 99%, which was confirmed by gas chromatog-
raphy. The chemicals were used =5 received, and the
water was distilled and deionized.

Excess Enthalpy Measurements: Excess enthalpies
were measured at atmospheric pressure with a Hart
Scientific (Provo, Uth) Model 503 isothermal flow
calorimeter. The main components of the calorimeter
were the reaction (or mixing) vessel, isothermal shields,
ajr bath, the isothermal control unit, feed pumps, and
flow controllér programmer. The reaction vessel con-
sisted of an equilibration coil with a “mixing wire".
The wire promoted thorough mixing of the fluids as
they flowed through the coil. Without the mixing wire
inside the equilibration coil the mixing was inadequate.
Figure 1 shows the equilibration coil with the crimped
mixing wire where mixing took place. The equilibra-
tion coil was constructed of 1.83 m long, 0.159 cm
o.d., 0.13 mm thin, stzinless stzel tubing which were
soldered together, so that the two inlet streams ran
countercurrent to the exit stream. The mixing wire was
crimped wire of 1.5 m in length (Christensen e af,,
1981; Christensen and Tzalt, 1984).



The excess enthalpy during the mixing of the flu-
ids was measured within £0.005 T by counting the
number of heat pulses of a contralled heater through
the isothermal control unit. The controlled heater com-
pensated the energy liberated or absarbed by the mix-
ing and maintained the reaction vessel temperature
constant to £0.05 mK. We estimate the accuracy of the
compositions as £0.1 mass% and the excess enthalpy
as +2%. A desktop computer controlled the pumps (LC-
3000 Precision Pump, ISCO Inc., Lincoln, NE) and the
isothermal control unit through programmers (Hart
Scientific, 1987).

2. Equations for Fits of H® in the Single-Phase
Region

Ateach temperature the measured cnthalpies were
fitred by the Redlich-Kister (RK) polynomial,
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and by the Padé approximartion, or rational funcrion
which was proposed first by Malanowski (1974) and
further elaborated by Marsh (1977),
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Here w and 'w, are the compositions of the compo-
nents | and 2, and A, B, and C‘ are fitting parameters,
From Egs. (1) and (2) one can see that the Redlich-
Kister (RE) polynomials are a special case of the Padé
polynomials; Eq. (2) converges to Eq. (1) when CJ =0
forj=0.

Equation (2) often works better for more complex
compaosition dependencies. However, when the modi-
fied Redlich-Kister polynomial is used, in which Eq.
{1} is divided by [l — k(1 — 2w,)] with k being the
skewness factor, asymmetric behavior of &€ for some
systems can be described quite adequartely (Benson er
al., 1986; Kurihara er al , 1998},
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Fig. 1 Eguilibrium coil including inlet connectors and
mixing tube with the mixing wira

The number of terms to be used with Egs. (1) and
(2) arc not known a priori, and it is best 1o use the
fewest parameters possible that still represent the data
accurately. Equation (2) with m =3 and n = 2 (seven
parameters) is probably the most complicated rational
function of practical use.

Other equations used for HF in the single-phase
are critical-scaling equations by Lim er ai, {1994h),
who derived their equations for AT of binary mixwures
from the Widom-Kadanoff scal ing treatment {(Widom,
1965; Kadanoff, 1966) of free energy. Here, only the
cquations used for the fits are presented; details of the
derivation can be found elsewhere (Lim et af., 1954b),
At each temperature above T,_, H® is described by

HE = H, + A(OP~OFy)" + Bw+0(0P - 0P ']
(3)

where 4 isa constant, H and D are the intercept and
the slope in the two-phase region, and w is either W, or
w,. The new concentration variable or order param-
cter, P, is defined as

e fW
OP= m {4}

with f being a parameter and OP,, being the value of
OF at the phase boundary. According to the critical-
sealing theory, OF varies as (Sengers, 1982)

OF = OF.+ BeP £ CeP*2 4 pe'~™ (5)

where OP_ is the value of OP at T _; B, C, and D are
fitting parameters; and o, 8, and A are universal criti-
cal-scaling exponents, the values of which are (.11
{Fisher, 1964; Le Guillow and Zinn-Justin, 1980}, 0.325
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Fig.2 Excess enthalpies measured by isothermal flow
calorimetry for s-butanol/warzsr at 30°C without
{broken line) and with (solid line) "mixing wire"

(Fisher, 1964; Le Guillon and Zinn-Justin, 1980), and
0.5 (Baker er al., 1976), respectively. The sign con-
vention in the above equation is + for w > w_ (concen-
tration at the critical point) and — for w < w_. The sym-
bol £is the dimensionless temperature defined as

(€)

If the terms higher than (OP)? are neglected in Eq. (3),
then the equation can be rewritten as

1 |HE—H —-Dw
FES F = sl T
OF = Oy JEA | 1+(Ff-Dw Q)

Hence, if OPis plotted vs. o H — H, ~ Dw) [1+(f 1)),
OP,; is obtained as the intercept; and when OB, is
substituted into Eq. (4), w,, (LLE phase boundary
point) is obtained. If T,_is known, the resulting equa-
tion has six parameters (4, B, C, D, f, and 0P, to be
found from the fir of A vs. concentration.

3. Resolts and Discussion

First, the performance of the calorimeter was
tested for the n-butanol/water at 30 and 55°C. Figures
2 and 3 show the measured H*® data for this system.
When H® was measurcd without the “mixing wire” in-
side the reaction (or mixing) vessel (Fig. 2), the mix-
ing of the components was inadequate, This inadequate
mixing was reflected in the following observations:
(i) H=is smaller in absolute values over the whole com-
position range than A= with the mixing wire and (ii} in
the two-phase region which is located betwesn w,. and
w__, H® is supposed to change linearly with composi-
tions by the lever rule. However, H® measurements
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Fig.3 Excess enthalpies for n-hutenol/water at 53°C.
Open circles, this work: Filled circles, data by
Belousoy and Panov (1970}
100 4
o
g o
T
i
'? 100
a
g
-]
= 200
R
o
—a00
T C T T T T T T
0.0 0.2 T4 0.8 0.8 1.0
Mols Praction, C®,
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tion of 2-butoxyethanol at (&) 48.472°C, (b) 48.978,
(c) 50.982, (d) 52.992, (e} 54.972, (i} 57.507,
{(g) 60.192, (h} 62.507, (i) 64.995, and (j) 70.011.
The roman numerals indicate the number of phasss

without the mixing wire showed poor linearity with
composition while A with the mixing wire gave ex-
cellent linearity. These results may serve as the crite-
ria on whether mixing is adequate or not when A* is
measured. If mixing is more thorough in one experi-
ment than the other, then the measured HE of this ex-
periment should show stronger linearity in the two-
phase region and probably larger absolute values of
H® at each composition than in the other region. When
H® data measured at 55°C were compared to literature
values (Fig. 3), they were in good agreement with each
other. The measured and literature H® both showed
excellent linearity in the two-phase region between w

and w,__, However, the slope for H® measured in this
work was steeper than that of literature values and the



Table 1 Measured excess enthalpies, HE's, for the n-butanol(] )fwater(2) sys-
[ems
W, I 30°C ki
HINo0g] Hiimel] 1100 g]  H'[l/mal]
0.0081  0.0020 -23.2] -15.08 —21.55 391
0.0163 0.0040 -163.14 —-28.74 —38.81 -7.08
00244 0.0061 =240.21 —44.09 -52.29 =G.a60
00328  0.0081 ~315.03 -38.20 ~61.68 -11:30
0.0408 0.4103 —386.80 -71.91 —55.53 -12.18
0.0431  0.0124 -453,95 —84.75 -63.03 —~11.80
00574 0.0144 510,82 =96.21 —53.58 -10.09
0.0a37 0.0168 =330.10 =104.30 =36.60 —6.96
0.0741  0.0191 —548.08 —104.61 —14.43 ~2.76
0.0825  0.0214 -539,17 —103.61 3.18 0.61
0.0810 0.0237 —526.19 —101.81 2598 5.03
0.09%4  0.0261 =510.56 —99.47 44 79 3.53
0.107% 0.0286  —493.20 0676 66.16 12.98
0.1165 0.0310 -476.11 ~04.07 88.21 17.43
0.1250  0.0336 —458.21 —-01,18 106.57 21.21
0.1338  0.0361 —438.86 —~B7.96 127.24 25.51
0.1423  0.0387 —421.89 —R5.18 147.31 29.74
0.1359  0.0526  -332.74 —49.76 253,36 53.12
0.2305  0.0679 -238.57 —52.06 353.02 79.22
02759  0.0848% —141.65 —32.96 473.27 107.77
0.3223  0.1036 —43,17 —10.29 588.27 140,18
0,36%6 0.1247 49.71 12,43 691.21 172,90
0.4180  0.1486 152.88 40.29 807.92 212.91
04673  0.1757 25034 72.29 928,50 25910
0.5177 0.2069 366.98 108.72 1054.6 312.42
0.3692  0.2431 474.97 150,34 1177.6 372.76
0.6218  0.2855 386.54 199.62 1305.4 444,28
0.6756  0.3360 699.71 257.97 1436.0 520,45
0.7305  0.3972 814.53 328.25 1568.7 632.20
0.7867  0.4727 §922.28 410.77 1662.4 T40.41
0.8442  0.5684 957.47 4£77.85 1563.4 781.24
0.9030  0.6936 527.0% 470.82 1270.3 723.16
0.9150 0.7234 780,10 457.14 1178.5 690.62
0.9269 0.7551 706,65 428.49 1070.3 645,24
0.9390  0.7890 621.32 386,97 930,39 570.47
0.9511 0.8253 §27.29 330,14 792.61 508.79
0.54532 0.8642 41417 275.43 626,27 416.48
0.9754  0.9080 286,61 197.33 441,21 303.77
0.9877 0.9512 152.72 1049.01 249,16 177.85

measured A= at the amphiphilic phase composition was
larger. These results may indicate that our measure-
ments were done with better mixing, judging from the
results of Fig, 3. The measured H%s at 30 and 55°C
are listed in Table 1.

Excess enthalpies for the 2-butoxyethanol/water
system at ten different temperatures from 48.5 to 70°C
were reported (Lim er al., 1994a) and reproduced in
Figs. 4 and 5. The plots are in two different units: 1/
mol vs. mole fraction of the amphiphile (Fig. 4), and
JI100 g of the mixture vs. weight fraction of the
amphiphile (Fig. 5). More details with the tabulated
data and figures can be found elsewhere (Lim er al.,
19944},

HE was negative and large over the whole con-
centration range at lower temperatures. These large
negalive values indicate that there are considerable
interactions between water and 2-butoxyethanol. As
temperature increased, AT also increased and became
positive at high amphiphile contants. This behavior of
Htis similar to that of alcohol/water, glycolfwater, and
glycerol/water,

In Figs. 4 and 3, the region marked by II is the
twa-phase region, which is bordered on each side by
the single-phase regions marked by L In the two-phase
region H® depended linearly on the component con-
centration, according to the lever rule. This linearity
can be seen in Fig. 4 and more clearly in Fig. 5, On the
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water, measured - at 35°C (filled circle) and the
Eedlich-Kister fitting equations, Eq. (1), of 5th

{broken line) and 7th (solid line) ordars

agueous side, where the phase contains mainly water
{w small), the curved behavior of the single-phase re-
sion was also seen more clearly in Fig, 5. The data
denoted by a and b were measured at about and slightly
above the lower consolute solution temperature T =
#8%C. Therefore, at these temperatures the linear de-
pendence of HE on the concentration in the two-phase
region is hardly seen.

The unit of excess enthalpies in this work 1% in
Joule per gram [J/g], because this makes the plots far
maore symmetric. This greater symmetry allowed ac-
curate fitting results. For the fits of molar HE to the
Redlich-Kister polynomial, the results are significantly

Table2 Compositions at the phase boundary
points between single and 2-phase re-
glons Tor the s-batanol/waler system

T Barton (1984) This work

[El:] w:q H'Il_'n qu Wam

0 0.068 0.813 0.090 0.814
55 0.035 0771 0.068 0.763
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Fig. 7 A partof phase dizgram of n-butanol/water and the
phase boundary points detsrmined with Sth-order
Redlich-Kister polynomizl] (open circles) and crit-
cal scaling equations of Lim er al. (filled diamonds).
The binodal represented by the curve is from Barton
(1984)

improved, as the degree of the polynomial increases
from the 5th to the Sth; the correlation coefficients are
from 0.9606 for the 3th, 0.9933 for the Tth, and 0.9987
for the 9th, respectively. Even with the 9th-order paly-
nomial, interpolation between the data points {5 unde-
sitable because the fitting polynomial exhibits a wavy
nature. Also, this polynomial has 7 parameters to be
determined and this number of parameters may be the
upper limit in a practical sense.

Figure 6 shows the fitting results for the specific
excess enthalpy with the 4-parameter Sth-order and the
6-parameter Tth-order polynomials. The figure shows
that the fit by the polynomials was excellent over the
whole concentration range. The Tth-order polynomial
almost exactly traced the data, and the Sth-order poly-
nomial almost did except at very high amphiphilic con-
tents. Even the 5th-order Redlich-Kister (RK) palyno-
mial with 4 parameters yiclded a better fit (comrelation
coefficient= 0.9990) than the 9th-order polynomial for
the molar 5= These results indicate that fitting results
became significantly better when the symmetry of the
plots was enhanced.

The LLE phase boundary points were determined
usually from the intersections of the curved behavior
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of H* in the single-phase region and the linear behavior
of H* in the two-phase region. The linear chan ge of H®
with the amphiphile weighr fraction, w, is

H® =, +Dw (8)

Equation (8) requires suitable equations for the sin-
gle-phase region,

When the RK polynomials wers nsed for HE in
the single-phase region of the n-butanol/water system
(Figs. 2 and 3), the polynomials fit the data well and
with the linear equation for the two-phase region they
yielded two intersections that were correct LLE phase
boundary points. The results are in excellent agreement
with literature values (Barton, 1984), as shown in Fig.
7 and listed in Table 2. These results apparently indi-
cate that any difficulty is hardly anticipated in deter-
mining phase boundaries for the n-butanol/water with
this method.

However, when the same method was applied to
the 2-butoxyethanol/water system, the LLE phase
boundaries could not be determined. Although the RK
polynomials represented the H® data well in virtually
all of the single phase region (Fig. 6), as illustrated by
Fig. § they and the linear equation for the two-phase
region yielded either no intersections or intersections
quite different from the true phase boundary points.
For the Sth-degree polynomial, thers were two inter-
sections. One of them could be considered as the aque-
cus phase boundary point, W but the other was far
different from the amphiphilic phase boundary point,
W, The other side of the W-shaped fit approached the
two-phase straight line near the composition of the
amphiphilic phase, but failed to mest it. For the 8th
and the 9th-degree polynomials, there was no inter-
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for n-butanolfwater at 30°C () and 55°C (<), and
for 2-butoxyethanol/water at 55°C (A). The phase
boundary points are the intercepts of the x-axis
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Fig. 10 LLE phase boundary points for 2-butoxyethanal/
water. Trangles, Ellis (1967); filled circles, by Eq.
(7

section by any part of the Redlich-Kister fit. For the
10th-degrea polynomial there were two intersections,
one near the correct amphiphilic phase composition,
w__. but no intersection close to the composition of the
agueous phase, W

Similar fits wers done with the Padé polynomi-
als, Eq. (2). The Padé polynomials fit the data well in
the single-phase region. However, this Padé fic also
did not yield the correct intersections or phase bound-
ary points. Only w,_could be obtained by these poly-
nomials. Note that the semi-empirical polynomials still
fit the single-phase data excellently at virtually all com-
positions.

Because of the inability of the semi-cmpirical
polynomials to give unique and accorate LLE phase
boundary points, the critical-scaling equation by Lim
eral. (1994b) was used. Figure 9 shows the results of



Fig. 11 Derivative of activity cosfficient with respect to
temperature, diny /87T, of 2-butoxyethanol

the fit of Eq. (7) 10 the HF data of Figs. 2, 3, and 5. The
equation fits the data well in the single-phase region.
In this plot the slopes were the same on both the aque-
ous and amphiphilic sides, as the theory demands, and
the LLE phase boundary points arc represented by the
x-axis intercapts. Three intercepts on the left are or-
der-parameter (0P) values at the agueous side phase
boundaries, OF s, and three on the right are OP val-
uss at the amphiphilic side phase boundaries, OP_ 's.
Thus-determined OF,., and OF  were converted (o
weight fractions at the aqueous and amphiphilic phase
boundaries, W and w_, by Eq. {4). The results are
marked in Fig. 7 for the butanol/water and Fig. 10 for
the 2-butoxyethanol/water, These figures show that the
results are in excellent agreement with Titerature.

When phase boundary points are determined from
excess enthalpies and semi-empirical polynomials that
depict HE behavior in the single phase region, it seems
that one may fzce some serious problems with this
method, When the overall A= behavior is of S-type like
HE of the butanol/water system, there may be little dif-
ficulty obtaining phase boundary points with the poly-
nomials. However, when H* behavior is of U-type like
HE of the 2-butoxvethanal/water system, this method
may not yield correct phase boundary points. In this
case the polynomials and the linear equation in the two-
phase region may have no intersection ac all, may have
one intersection only, or may have two intersections
but with one intersection representing the phase bound-
ary point incorrectly. In contrast to the semi-empirical
polynemials, critical-scaling equations of H* provided
correct phase boundary points, whether 55 behavior is
S-type or U-type.

From the fits of the RK polynomials to H=, partial
molar excess enthalpies of 2-butoxyethanol and water
in their mixtures were calculated using the Sth-order
RE polynomial. The RE polynomials fit of the A data
is exemplified in Fig. 6. Since the activity coefficient
% is related to the partial molar excess enthalpy, B 5,
through the equation

TR

Fig. 12 Derivative of activity coefficient with respect to
temperature, dlny,/9T, of water

dlny; A HE
[ ar )P  RT® @)

the temperature derivative of the component activity
coefficient, dln}/aT, were also calculated and the re-
sults are shown in Figs. 11 and 12, The quantity diny/
o7 displayed a curved behavior in the single-phase re-
gion but it was constant in the two-phase region. At
the phase boundaries dlny/97 experienced an abrupt
change. However, at temperatures (48,5 and 49°C) just
above T, dln7/8T exhibits no sharp discontinuity. As
the amphiphile mole fraction x, increased, the quan-
tity dlny/a7 for 2-butoxyethanol decreased and diny/
oT for water increases, reached a maximum around x,
= 0.8 and then decreased, Overall, dlny/dT for 2-
butoxyethanol was larger than that for water and sub-
stantially larger at low x, in particular.

The values of diny/dT were compared with those
determined from VLE data, Scatchard and Wilson
(1964) reported VLE data at 5 temperatures (3, 25, 45,
63, 83°C) and eight concentrations in the amphiphile-
rich region (w, = 0.64-0.99), Hence, the comparison
was made only at 65°C because this temperature is
common for the VLE reported and LLE of this work,
The diny/oT calculated from VLE was slightly larger
than that from LLE. For example, the values were 1.6
¥ 107 vs. 1.0% 10 K- atw, = 0.64, and —2.7 x 10~*
vs. —2.0 x 10 K- w, =0.93 (Lim, 2000).

Conclusion

For the determination of LLE phase boundaries
from excess enthalpies, semi-empirical polynomials
{Redlich-Kister and Padé) and theory-based erideal-
scaling equations for the excess enthalpy of binary
systems were tested. When there was a substantial dis-
parity between molecular weights of the components,
the plots of specific enthalpy vs. component weight
fraction were more symmetric than conventionally
drawn plots of molar enthalpy vs. mole fraction. This



ﬁnhanced symmetry yieldsd much more accurate fir-
ing of semi-empirical polynomials to the data.

Although the polynomials and the critical-sealing
equations fit the enthalpy data equally well in the sin-
gle-phase regions, the polynomials could not always
vield correct phase boundaries. Far the S-shape HE data
of n-butanol/water, the polynomials gave the correct
LLE phase boundaries, However, for the U-shape H*
data of 2-butoxyethanol/water, they did not. These re-
sults imply that carrect phase boundaries may not be
obtained with the semi-empirical polynomials when &
behavior is of U-type. In contrast, the LLE phase
boundaries could be determined correctly with the criri-
cal-scaling equations, irrespective of the type of A
data,

The temperature dependence of the Component
activity coefficient, dlny/dT, was determined from the
fits of RK polynomials to HF. The quantity dlny/aT
displayed a curved behavior in the sin gle-phase region,
invariance in the two-phase region, and a sharp dis-
continuity at the phase boundaries. Over the whale
concentration range, diny/aT was larger for 2-butoxy-
ethanol than that for water.
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Nomenclature

A = eoefficient in the Redlich-Kister polynomial, Eq.
(1
A = coeflicient in Eq. (3)
i = cosfficient in the numerator of the Padé polyno-
mial, Eq. (1)
c, = coefficient in the denominataor of the Padé polyno-
mial, Eg. (2)
B = 2Z-butoxyvethanol
D = coefficicnt in Eq. (3)
I = fitting parameter in Eq. {4)
HE = execess enthalpy or heat of mixing
H; = 1ihe intercept of the y-axis, Eq. {3)
HE = molar excess cathalpy [Mmal]
HE, =  partial molar excess enthalpy of componant §
[M/mel]
Riw) = fitting equation of excess enthalpy {#g]
k = skéwness factor
M, M, = molecular weights of component | and 2 [gimal]
N = 1otal mole numbers
N = moles of component §
op = grder parameter
o, = OF values at the critical point
QF = OF values at the phaze boundary
I = universal gag constant [Fa m¥(mol K]
RK = Hedlich-Kister
T = temperature °C)
T, = lower critical endpoint temperatuze [*C}
W = weight fraction
W, = composition of amphiphile ac the amphiphilic phase
boundary, in weighe fraction
W = compasitien of emphiphile at the aquesus phase

bovndary, in weight fraction

"y = weight fraction of the smphiphile 2-burgx yathanol

4 = male fraction of the amphiphile 2-butexyethanal

& = universal critical scaling sxpanent of which value
1s0.11

B = universal critical scaling exponent of which value
is 0.325

i = dimensionless temperature, defined in Eq. (6)

T = wctivity coeflicient of compenent §

a = universz eritical sealing exponent of which value

is .50
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